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ZRUNVWDWLRQVDQGV\VWHPDUHHPHUJLQJWRDFKLHYHPRUHDXWRQRP\LQFRPPXQLFDWLRQEHWZHHQHQWLWLHVLQWKHV\VWHPDQGPRUHDGDSWDEOHFRQWURO







$VVHPEO\ LV D YHU\ LPSRUWDQW SURFHVV LQ PDQXIDFWXULQJ
$VVHPEO\ RIPDQXIDFWXUHG JRRGV DFFRXQWV IRU RYHU  RI
WRWDOSURGXFWLRQWLPHDQGRIWRWDOSURGXFWLRQFRVW,QWKH
DXWRPRWLYHLQGXVWU\RIWKHGLUHFWODERXUFRVWVDUH
VSHQW RQ DVVHPEO\ 7KHVH VWDWLVWLFV LQGLFDWH WKH UHODWLYH
LPSRUWDQFHRIDVVHPEO\DQGSRLQWWRWKHSRWHQWLDOVDYLQJVWREH




WR FUHDWH D IXQFWLRQDO SURGXFW > @ $ PDMRU FRQFHUQ LQ






RI SURGXFWV YDULDQWV GULYHQ E\ FXVWRPHUV¶ SUHIHUHQFHV DQG
G\QDPLFIOXFWXDWLRQLQWKHQXPEHURIYDULDQWVWREHSURGXFHG
DQQXDOO\ LQWURGXFH PDQXIDFWXULQJ FKDOOHQJHV ZKLFK GLUHFWO\
LPSDFWWKHPDQXIDFWXULQJV\VWHPVGHVLJQDQGRSHUDWLRQWRFRSH
ZLWK SURGXFWV DQG PDUNHWV FKDQJHV HIILFLHQWO\ DQG FRVW
HIIHFWLYHO\ 5HFRQILJXUDEOH DGDSWDEOH DQG VPDUW
PDQXIDFWXULQJ SDUDGLJPV DOO DLP DW GHDOLQJ ZLWK WKHVH
FKDOOHQJHV (O0DUDJK\ HW DO NH\QRWH SDSHU >@ LQYHVWLJDWHG
PHWKRGVRIPDQDJLQJSURGXFWVYDULHW\DQGGHYHORSLQJYDULDQW
RULHQWHG PDQXIDFWXULQJ V\VWHPV FDSDEOH RI PHHWLQJ WKRVH
UHTXLUHPHQWV LQ PRGHUQ PDQXIDFWXULQJ V\VWHPV




DV ZHOO DV KXPDQ UHVRXUFHV IRUP DQ LPSRUWDQW SDUW RI WKH
PDQXIDFWXULQJ HQWHUSULVH DQGSODQQLQJ HIIRUW0DQXIDFWXULQJ
V\VWHPV DUH D FRPSOLFDWHG FRPELQDWLRQ RI WRROV PDFKLQHV
FRPSXWHUV KXPDQ ZRUNHUV DQG PDQDJHUV 0RGHUQ
PDQXIDFWXULQJV\VWHPVDUHEHFRPLQJLQFUHDVLQJO\FRPSOH[>
@7KHDVVHPEO\LQGXVWU\LVH[SHULHQFLQJKXJHFKDQJHVZLWK
WKH UDSLG GHYHORSPHQW RI SURGXFWLRQ DXWRPDWLRQ SURFHVV
FRQWURO LQIRUPDWLRQ WHFKQRORJLHV DQG QHWZRUNLQJ 0DQ\
PDQXIDFWXULQJDQGDVVHPEO\HQDEOHUVHPHUJHGWRPDQDJHWKH
SUROLIHUDWLRQ RI SURGXFW YDULHW\ DQG FKDQJHV LQ WKHLU
PDQXIDFWXULQJ V\VWHPV > @ 0RUH DJLOH DQG UHVSRQVLYH
DVVHPEO\PHWKRGVDQGVWUDWHJLHVKDYHWREHGHYHORSHGWRPHHW
WKH G\QDPLF UHTXLUHPHQWV RI FXVWRPHUV DQG WKH VKRUWHQHG
SURGXFW OLIHF\FOH0RUH HIILFLHQW DVVHPEO\ V\VWHPV PXVW EH
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GHVLJQHGLQRUGHUWRUHPDLQSURILWDEOHDQGFRPSHWLWLYH>@
,QWHOOLJHQFHDQGFROODERUDWLRQEHWZHHQPDFKLQHVDQGKXPDQV
DOORZPRGHUQ V\VWHPV WR HYROYH DQG TXLFNO\ UHVSRQG WR WKH
YRODWLOHPDUNHWVDQGLQFUHDVLQJSURGXFWYDULHW\




SURFHVVLQJ WHFKQRORJ\ DQG WKH LQWURGXFWLRQ RI QHZ
PDQXIDFWXULQJV\VWHPVSDUDGLJPV
7KLVSDSHULVQRWDQH[KDXVWLYHVXUYH\UDWKHULWKLJKOLJKWV
VRPH DGYDQFHV LQ DVVHPEO\ WHFKQRORJLHV DQG V\VWHPV DV D
UHVSRQVHWRFKDQJLQJFRQGLWLRQVDQGLQFUHDVLQJYDULHW\5HFHQW
GHYHORSPHQWV LQ MRLQLQJ PDWHULDO KDQGOLQJ DVVHPEO\
SURFHVVHV PLFUR DVVHPEO\ LQVSHFWLRQ DQG TXDOLW\ FRQWURO
URERWLF DVVHPEO\ GLJLWDO DQG YLUWXDO IDFWRULHV DXJPHQWHG
UHDOLW\ ,QIRUPDWLRQ DQG &RPPXQLFDWLRQ 7HFKQRORJ\ ,&7
SODQQLQJ DQG FRQWURO GLVDVVHPEO\ DQG UHPDQXIDFWXULQJ DQG
LQWHOOLJHQWDQGFKDQJHDEOHDVVHPEO\V\VWHPVDUHRYHUYLHZHG
,Q SDUWLFXODU LQWHOOLJHQW UHFRQILJXUDEOH DQG FKDQJHDEOH
DVVHPEO\V\VWHPVDUHGLVFXVVHG$W\SLFDOQHWZRUNRIDVVHPEO\





2.1. Material handling  
7KHLQFUHDVLQJQXPEHURISURGXFWYDULDQWVVPDOOHUORWVL]HV
UHGXFHGWLPHWRPDUNHWDQGVKRUWHUOLIHF\FOHVRISURGXFWVKDYH




LQ DOPRVW HYHU\PDQXIDFWXULQJ DQGGLVWULEXWLRQ FRPSDQ\ IRU
YDULRXV JRRGV >  @ $ PDWHULDO KDQGOLQJ V\VWHP
FRPSULVHV HTXLSPHQW FRQYH\RUV YHKLFOHV URERWV HWF WKDW
WUDQVSRUWPDWHULDOV EHWZHHQ YDULRXV ORFDWLRQV LQ WKH IDFLOLW\
0DWHULDOKDQGOLQJPDNHVSURGXFWLRQIORZSRVVLEOHDVLWJLYHV
G\QDPLVP WR VWDWLF HOHPHQWV VXFK DV PDWHULDOV SURGXFWV
HTXLSPHQW OD\RXW DQG KXPDQ UHVRXUFHV  0DQDJHPHQW DQG
SURGXFWLRQRIFXVWRPL]HGSURGXFWVUHTXLUHVPDWHULDOKDQGOLQJ
V\VWHPV ZKLFK DUH IOH[LEOH DQG UHVSRQVLYH HQRXJK WR
DFFRPPRGDWH G\QDPLF DQG UHDOWLPH FKDQJHV LQ PDWHULDO
KDQGOLQJWDVNV>@0DWHULDOKDQGOLQJPDQDJHPHQWLVDPRQJ
PDQ\ IDFWRUV WKDW FRQWULEXWH WR LPSURYH D FRPSDQ\¶V
SHUIRUPDQFHDVLWKDVGLUHFWLQIOXHQFHRQWUDQVLWWLPHUHVRXUFHV
XVDJHDQGVHUYLFHOHYHOV>@7KHGHYHORSPHQWRIQHZ




RUGHU WR PRQLWRU PDQXIDFWXULQJ UHTXLUHPHQWV  &RQYH\RUV
HTXLSSHG ZLWK UDGLR IUHTXHQF\ LGHQWLILFDWLRQ 5),'
WHFKQRORJ\LVDQH[DPSOHRILQWHOOLJHQWFRQYH\RUV>@6XFK
FRQYH\RUV KDYH DPLFURSURFHVVRU/&' WRXFK VFUHHQ UHDGHU




7KH XQSUHGLFWDEOHPDFKLQH IDLOXUHV DV\QFKURQRXV DPRQJ
YDULRXV VHFWLRQV LQ WKH DVVHPEO\ OLQH FRXSOLQJ RI VHFWLRQV
WKURXJK ILQLWH EXIIHUV DQG FRXSOLQJ EHWZHHQ WKH SURGXFWLRQ
DQG PDWHULDO KDQGOLQJ V\VWHP LQFUHDVLQJ WKH FRPSOH[LW\ RI
KDQGOLQJ V\VWHPV >@ 7KH WUDQVSRUW RI ORDGV LQ D FRPSOH[
WUDQVSRUW V\VWHP LQYROYLQJ PXOWLSOH WUDQVSRUW HTXLSPHQW
UHTXLULQJDVHTXHQFHRIPXOWLSOHWUDQVSRUWMREV(IILFLHQWDQG
HIIHFWLYHPRGHOV DUH QHFHVVDU\ WR HYDOXDWH DQG RSWLPL]H WKH
PDWHULDOKDQGOLQJV\VWHPGHVLJQWRLPSURYHWKHIOH[LELOLW\DQG
UHVSRQVLYHQHVVRIPDWHULDOKDQGOLQJV\VWHPV2QOLQHGHFLVLRQ
DQG FRQWURO IRU MRE URXWLQJ SODQ DQG UHVRXUFH GLVSDWFKLQJ LQ
FRPSOH[ WUDQVSRUW V\VWHPV FDQ EH FRQWUROOHG XVLQJ G\QDPLF




2.2. Robotic assembly 
7KH XVH RI URERWLF PDQLSXODWRUV LQFUHDVHV PDQXIDFWXULQJ
SURGXFWLYLW\ 7KLV LQFUHDVH GHSHQGV RQ WKH SRVVLELOLW\ RI UH
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FRQILJXULQJ RU UHSURJUDPPLQJ WKH URERW PDQLSXODWRU WR
SHUIRUP YDULRXV WDVNV WKURXJK WKH XVH RI URERWV &DPHUD
V\VWHPVKDYHEHFRPHDNH\FRPSRQHQWRIDXWRPDWLF URERWLF
PDQLSXODWRU V\VWHPV WR JXLGH PDQLSXODWRU PRWLRQ >@




GHYLFHV´ ³FROODERUDWLYH URERWV´ >@ ³KRORQRPLF
PDQLSXODWRUV´>@HWFXVHVDFRPSXWHUFRQWUROWRLPSURYHWKH





FDSDEOHRI VKDULQJ WKHZRUNVSDFHZLWK WKHKXPDQFRZRUNHU
DQG FROODERUDWLQJ 7KHVH V\VWHPV LQWHJUDWHV DGYDQFHG IRUFH
IHHGEDFN DQG SURJUDPPLQJ IXQFWLRQV DV ZHOO DV FRPSOLDQW
PRWLRQJXLGDQFHDQGVHPLDXWRQRPRXVIXQFWLRQV
2.3. Autonomous Processes 
$XWRQRP\ LQJHQHUDOPHDQV WKHDELOLW\ WRPDNHGHFLVLRQV
ZLWKRXW H[WHUQDO LQVWUXFWLRQV DQGSHUIRUPLQJDFWLRQVZLWKRXW
H[WHUQDO IRUFHV$SSURDFKHV IRU DXWRQRPRXV V\VWHPV DUH IRU
H[DPSOH DXWRQRPRXV SURGXFWLRQ FHOOV DXWRPDWHG JXLGHG
YHKLFOHV PRELOH DXWRQRPRXV URERWV PRYLQJ DVVHPEO\
VWDWLRQVRUGH[WHURXV URERWVZLWK LQWHOOLJHQW VHQVRUV >
@ $XWRQRP\RIDQHTXLSPHQWLPSOLHVWZRFKDUDFWHULVWLFV
 LQGHSHQGHQFH IURP QHLJKERXU HTXLSPHQW DQG LWV
HQYLURQPHQW DQG  WKH DELOLW\ WR FRQWURO LWVHOI 7KH ILUVW
FKDUDFWHULVWLFFDQEHUHDFKHGE\FOXVWHULQJDQDVVHPEO\VKRS
LQWRVXEV\VWHPVDQGPRGXOHVZLWKVWDQGDUGLVHGLQWHUIDFHV7KH
VHFRQG FKDUDFWHULVWLF UHTXLUHV WKH GHFHQWUDOLVDWLRQ RI WKH
FRQWUROV\VWHPDFFRUGLQJWRWKHJUDQXODULW\RIWKHVXEV\VWHPV
DQGPRGXOHV>@
2.4. Disassembly and remanufacturing 




7KURXJKRXW WKH UHPDQXIDFWXULQJSURFHVV UHFRYHUHGSURGXFWV
DUHV\VWHPDWLFDOO\GLVDVVHPEOHGLQWRWKHLUEDVLFHOHPHQWV>@
3URGXFWV WKDW DUH GLIILFXOW WR DVVHPEOH ZLOO LQFUHDVH
PDQXIDFWXULQJFRVW3URGXFWVWKDWDUHGLIILFXOWWRGLVDVVHPEOH
ZLOODOVRLQFUHDVHFRVWDVPDQXIDFWXUHUVDUHUHTXLUHGWRUHF\FOH
SURGXFWV LQ HQYLURQPHQWDOO\ IULHQGO\ PHWKRGV $FWLYH
GLVDVVHPEO\LVDWHFKQLFDOSURFHVVWKDWHQDEOHVWKHPHFKDQLFDO




DOORZ IDVW QRQGHVWUXFWLYH FOHDQ DQG HIILFLHQW FRPSRQHQW
VHSDUDWLRQRIFRPSOH[SURGXFWDVVHPEOLHVDWHQGRIOLIHWKHVH
FRPSRQHQWVFDQVXEVHTXHQWO\EHUHPDQXIDFWXUHGRUUHF\FOHG
$FWLYH GLVDVVHPEO\ WHFKQRORJLHV LQFOXGH KRWZLUH DGKHVLYH
UHOHDVH IUHH]LQJ HOHPHQWV ZDWHUVROXEOH IDVWHQHUV VKDSH
PHPRU\DOOR\HWF>@$FWLYHGLVDVVHPEO\LVDQDOWHUQDWLYHWR
FRQYHQWLRQDO GLVPDQWOLQJ WKDW FDQ VLJQLILFDQWO\ UHGXFH
UHPDQXIDFWXULQJFRVW7KHDELOLW\WRHIILFLHQWO\GLVDVVHPEOHLV
NH\ IRU UHPDQXIDFWXULQJEHFDXVHRI LWV VLJQLILFDQW LPSDFWRQ
WKH UHPDQXIDFWXULQJ VXFFHVV IDFWRUV RI OHDG WLPHV FRVWV
GHOLYHU\DQGTXDOLW\>@
'LVDVVHPEO\ VHTXHQFLQJ SHUIRUPV D PDMRU UROH LQ WKH
PRGHUQGHVLJQSURFHVVDQGLVDQLPSRUWDQWWRROLQFRQFXUUHQW
HQJLQHHULQJ 'LVDVVHPEO\ SURFHVV SODQQLQJ LV LPSRUWDQW IRU




7KH DVVHPEO\ V\VWHP FRQVLVWV RI D QHWZRUN RI DVVHPEO\
VWDWLRQV RU FHOOV EXIIHUV WUDQVSRUW V\VWHPV HWF WKDW DUH





+LJKHU SURGXFW YDULHW\ OHDGV WR VKRUWHU OLIH F\FOHV DQG
VPDOOHU SURGXFWLRQ YROXPHV 7KHUHIRUH WKH WLPH VSHQW RQ
DVVHPEO\ SODQQLQJ DFWLYLWLHV PXVW EH UHGXFHG >@
5HFRQILJXUDEOH SURFHVV SODQQLQJ >@ ZDV LQWURGXFHG WR UH
FRQILJXUH PDVWHU SODQV RI H[LVWLQJ SURGXFWV WR PHHW WKH
UHTXLUHPHQWV RI QHZ SURGXFWVYDULDQWV DVVHPEO\ RSHUDWLRQV
LQVWHDGRIJHQHUDWLQJQHZSODQVIRUQHZYDULDQWVIURPVFUDWFK
.DVKNRXVK DQG(O0DUDJK\ >@ XVHG D JHQHWLF DOJRULWKP WR
JHQHUDWH DELQDU\ FRQVHQVXV WUHH WKDW UHSUHVHQWV D IXOO VHW RI
LQGLYLGXDO DVVHPEO\ VHTXHQFH WUHHV DQG VHUYHV DV D PDVWHU
DVVHPEO\ VHTXHQFH IRU D SURGXFW IDPLO\ ZKLFK VKDUH D
VLJQLILFDQW QXPEHU RI FRPSRQHQWV DQG FRPPRQ SURGXFW
VWUXFWXUH
7UDGLWLRQDO FRQWURO V\VWHPV GR QRW RIIHU KLJKHUOHYHO
FDSDELOLWLHVVXFKDVDGDSWDELOLW\SOXJDQGSOD\H[WHQVLELOLW\
LQWHURSHUDELOLW\ DQG RSHQQHVV  &RQWURO DGDSWDELOLW\ DQG
UHFRQILJXUDWLRQ LV XVHIXO LQ DVVHPEO\ WDVNV LQ G\QDPLFDOO\
UHFRQILJXUDEOH SURFHVVHV RU V\VWHPV DFURVV D ZLGH UDQJH RI
RSHUDWLQJ FRQGLWLRQV ,W H[WHQGV WKH WUDGLWLRQDO ORRS FRQWURO
FRQFHSW WR LQFOXGH RWKHU IXQFWLRQDOLWLHV VXFK DV VXSHUYLVLRQ
FRRUGLQDWLRQ DQG SODQQLQJ VLWXDWLRQ DZDUHQHVV GLDJQRVWLFV
DQGRSWLPL]DWLRQ$UHFRQILJXUDEOHFRQWUROV\VWHPFDQEHXVHG
WRJHWKHUZLWKDVXSHUYLVRU\FRQWUROVZLWFKLQJV\VWHP6&66
WR DOORZ WKH XVHU WR PDWFK WKH FRQWUROOHU WR WKH SDUWLFXODU
FRQILJXUDWLRQRIURERWVRUPDFKLQHV>@
3.1. Mixed model assembly systems 
0L[HG 0RGHO DVVHPEO\ LV WKH SUDFWLFH RI DVVHPEOLQJ
GLIIHUHQW PRGHOV RI D SURGXFW RQ WKH VDPH DVVHPEO\ OLQH
ZLWKRXW FKDQJHRYHUV DQG WKHQ VHTXHQFLQJ WKRVHPRGHOV LQ D
ZD\ WKDW VPRRWKHQV WKH GHPDQG IRU XSVWUHDP FRPSRQHQWV
0L[HGPRGHO DVVHPEO\ OLQHV DUH DSSOLHG LQ DZLGH UDQJH RI
LQGXVWULHVHJDXWRPRWLYHWRPDVVSURGXFHGLIIHUHQWPRGHOV
RIDFRPPRQEDVHSURGXFW$QLPSRUWDQWGHFLVLRQSUREOHPLV
WKH VHTXHQFLQJ SUREOHP ZKLFK GHFLGHV RQ WKH VHTXHQFH LQ
ZKLFKWKHPRGHOVDUHODXQFKHGGRZQWKHDVVHPEO\OLQH>
@,QDPL[HGPRGHODVVHPEO\OLQHWKHGLIIHUHQWLDWLRQSRLQW
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IRUHDFKSURGXFWUHSUHVHQWVWKHEHJLQQLQJRIDXQLTXHLGHQWLW\




3.2. Reconfigurable assembly systems 
$ UHFRQILJXUDEOH DVVHPEO\ V\VWHP 5$6 LV D NH\
FRPSRQHQWRIUHFRQILJXUDEOHPDQXIDFWXULQJV\VWHP506,W
LV RQH RI WKH PRVW SURPLVLQJ SDUDGLJPV WKDW SURYLGHV DQ
HIIHFWLYH VROXWLRQ WR PDQDJH FKDQJH DQG XQFHUWDLQWLHV LQ D
FRPSOH[ PDQXIDFWXULQJ HQYLURQPHQW >  @  $
UHFRQILJXUDEOH DVVHPEO\ V\VWHP LV GHVLJQHG DW WKH RQVHW RI
UDSLGFKDQJHLQVWUXFWXUHDVZHOODVLQKDUGZDUHDQGVRIWZDUH
FRPSRQHQWV LQ RUGHU WR TXLFNO\ DGMXVW SURGXFW FDSDFLW\ DQG
IXQFWLRQDOLW\LQUHVSRQVHWRFKDQJHVLQPDUNHWRULQUHJXODWRU\
UHTXLUHPHQWV 5$6 FRXOG EH WKH EHVW VROXWLRQ ZKHQ WKH
SURGXFWV KDYH FRQVLGHUDEOH FKDQJHV DQG DXWRPDWLRQV FDQ EH
LPSOHPHQWHG HFRQRPLFDOO\ >@ 7ZR FRQFHSWV DUH
LPSOHPHQWHG LQ 5$6 WR PHHW FKDQJH DQG XQFHUWDLQWLHV
PRGXODULW\ DQG IOH[LELOLW\5$6FRQVLVWV RIPRGXOHV VXFKDV
URERWVDQGIOH[LEOHIL[WXUHV7KHVHPRGXOHVDUHIOH[LEOHWRPHHW
YDULRXV UHTXLUHPHQWV DW WKHPDFKLQHRU WRRO OHYHO7KH5$6
PRGXOHV FDQ EH DGGHG RU UHPRYHG EDVHG RQ WKH FDSDFLW\
UHTXLUHPHQW7KHLPSOHPHQWDWLRQRIPRGXODULW\DQGIOH[LELOLW\
LQ5$6HQKDQFHVV\VWHPFDSDELOLW\(QDEOHUVIRU5$6LQFOXGH
GHVLJQ IRU HDVH RI DVVHPEO\ ')$ V\VWHPPRGXODUL]DWLRQ
IOH[LEOH DVVHPEO\ PDFKLQHV IL[WXUHOHVV DVVHPEO\ SURFHVVHV
PDWHULDOKDQGOLQJ V\VWHPV DX[LOLDU\ PDFKLQHV IRU
UHFRQILJXUDWLRQV\VWHPFRQWUROHWF>@
3.3. Evolvable assembly system 
7KHHVVHQFHRIHYROYDEOHDVVHPEO\V\VWHP($6UHVLGHVLQ
WKH DELOLW\ RI V\VWHP FRPSRQHQWV WR QRW RQO\ DGDSW WR WKH
FKDQJLQJUHTXLUHPHQWVRIDVVHPEO\SURFHVVHVEXWDOVRWRDVVLVW
LQ WKH HYROXWLRQ RI WKHVH FRPSRQHQWV LQ WLPH VXFK WKDW
SURFHVVHVPD\EHFRPHPRUHUREXVWDQGPDLQWHQDQFHDVSHFWV
DUHVXSSRUWHG>@(YROYDEOHDVVHPEO\V\VWHPFRQVLVWV









QRDVVHPEO\SURFHVVFRQVWUDLQWVDUH LPSRVHG7KLV UHVXOWV LQ
IXOO\ LQGHSHQGHQWSURFHVV VHOHFWLRQSURFHGXUHDQGPD\ WKHQ
UHVXOWLQDQRSWLPDODVVHPEO\V\VWHPPHWKRGRORJ\Principle 
2: HYROYDEOH V\VWHPV PXVW KDYH LQKHUHQW FDSDELOLW\ WR
G\QDPLFDOO\ DGDSW WR WKH QHZ SURGXFWV DQG SURGXFWLRQ
VFHQDULRVDVZHOODVWKHHPHUJLQJV\VWHPEHKDYLRXU 
3.4. Ramp – up process 
7KHUDPSXSSURFHVVRIDVVHPEO\V\VWHPVKDVDVLJQLILFDQW
LPSDFW RQ ERWK WKH SURGXFWLYLW\ RI WKRVH V\VWHPV DQG WKH
UHVXOWLQJ$ VLJQLILFDQW VDYLQJ IRUPDQXIDFWXULQJ HQWHUSULVHV
DQG V\VWHPV LQWHJUDWRUV FDQ EH DFFRPSOLVKHG E\PLQLPL]LQJ




WR SODQ UDPSXSV VXFFHVVIXOO\ >@ 6HOIOHDUQLQJ WHFKQLTXHV
DFFHOHUDWHVWKHUDPSXSSURFHVVRIDVVHPEO\V\VWHPV>@6XFK
WHFKQLTXH XVHV VHQVRUV WR DOORZ IRU D PDQXIDFWXUHU VSHFLILF
PHDVXUHRISHUIRUPDQFHWREHDSSOLHGWRWKHPDFKLQH¶VVWDWH
3HUIRUPDQFH LQGLFDWRUV H[SHULHQFH UHFRJQLWLRQ DQG VHOI
OHDUQLQJVRIWZDUHWRROVSURYLGHFUXFLDOIHHGEDFNWRWKHUHVWRI
WKHV\VWHPWRVXSSRUWGHFLVLRQPDNLQJDERXWIXWXUHDGMXVWPHQWV
DQG DFFHOHUDWLQJ WKH UDPSXS SURFHVV0HWULFV EDVHG RQ WKH
PHDVXUDEOH DQG REVHUYDEOH VWDWXV RI WKH DVVHPEO\ V\VWHP
VXSSRUWGHFLVLRQPDNLQJ>@
3.5. Line Balancing 
$VVHPEO\OLQHEDODQFLQJLQFOXGHVDVVLJQLQJWDVNVWRDVHWRI




EHGLYLGHG LQWR WZR W\SHV >@  VLPSOHDVVHPEO\ OLQH
EDODQFLQJ SUREOHPV ZKLFK DSSO\ WR PDVVSURGXFWLRQ RI RQH
KRPRJHQHRXVSURGXFW LQSDFHG OLQHVZLWKIL[HGF\FOH WLPHV
GHWHUPLQLVWLFRSHUDWLRQWLPHVZLWKQRDVVLJQPHQWUHVWULFWLRQV
RWKHU WKDQ SUHFHGHQFH FRQVWUDLQWV  JHQHUDOL]HG DVVHPEO\
OLQH EDODQFLQJ SUREOHPV ZKLFK DSSO\ WR PL[HG PRGHO










*$ WR VROYH WKH SUREOHP >@ RU WKH FRPELQDWLRQ RI D
KHXULVWLFPRGHO DQG DQ H[DFW DOJRULWKPZLWK LQWHOOLJHQW WDVN
ORFDWLRQ RU OLQH ]RQH FRQVWUDLQWV WR ILQG D PLQLPXP FRVW
VROXWLRQIRUWKHOLQHEDODQFLQJSUREOHP>@
3.6. Complexity of assembly systems 
0DQ\PDQXIDFWXULQJDQGDVVHPEO\FKDOOHQJHVHPHUJHGGXH
WRWKHVSUHDGRISURGXFWYDULHW\FDXVHGE\SURGXFWHYROXWLRQ
LQFUHDVHG FXVWRPLVDWLRQ DQG FKDQJHV LQ PDQXIDFWXULQJ
V\VWHPV ,QFUHDVHG SURGXFW YDULHW\ DGGV FRPSOH[LW\ WR WKH
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DQG LWV GULYHUV RU VRXUFHV LV HVVHQWLDO IRU LPSURYLQJ WKH
HIILFLHQF\DQGFRVWHIIHFWLYHQHVV RI DVVHPEO\RSHUDWLRQV DQG
V\VWHPV>@6DP\DQG(O0DUDJK\>@XVHGDFRGH
EDVHG FRPSOH[LW\ PHWULF WR PHDVXUH SURGXFW DVVHPEO\
FRPSOH[LW\>@DQGWKHRYHUDOODVVHPEO\V\VWHPFRPSOH[LW\
>@7KHFRPSOH[LW\PRGHOVDFFRXQWIRUWKHQXPEHUGLYHUVLW\
DQG LQIRUPDWLRQ FRQWHQW FDXVHG E\ YDULHW\ 7KH DVVHPEO\
FRPSOH[LW\ PHWULFV DUH XVHG E\ GHVLJQHUV WR FRPSDUH DQG
UDWLRQDOL]H YDULRXV GHVLJQ DOWHUQDWLYHV DQG VHOHFW WKH OHDVW
FRPSOH[ DVVHPEO\ GHVLJQ PHHWLQJ WKH UHTXLUHPHQWV
0DQXIDFWXULQJ V\VWHPV OD\RXW JHQHUDWLRQ DQG HYDOXDWLRQ LV
FKDOOHQJLQJ DQG WLPH FRQVXPLQJ GXH WR LWV PXOWLREMHFWLYH
QDWXUH DQG UHTXLUHV H[WHQVLYH GDWD FROOHFWLRQ DQDO\VLV DQG
V\QWKHVLV 6WUXFWXUDO V\VWHP FRPSOH[LW\ PHDVXULQJ KDV
UHFHLYHG FRQVLGHUDEOH DWWHQWLRQ KRZHYHU WKH V\VWHP OD\RXW
WRSRORJ\ DQG LWV HIIHFW RQ VWUXFWXUDO FRPSOH[LW\ ZHUH QRW
FRQVLGHUHG(O0DUDJK\HW DO >@GHYHORSHGDQHZPHWKRG WR
DVVHVV WKH VWUXFWXUDO FRPSOH[LW\ RI PDQXIDFWXULQJ V\VWHP
OD\RXW $Q RYHUDOO FRPSOH[LW\ LQGH[ FRPELQLQJ WKRVH
LQGLYLGXDOLQGLFHVUHSUHVHQWVWKHVWUXFWXUDOFRPSOH[LW\RIWKH
V\VWHP OD\RXW DQG PHDVXUHV LQIRUPDWLRQ FRQWHQW ZKLFK
LQFUHDVHV RU GHFUHDVHV WKH GLIILFXOW\ RI PDNLQJ GHFLVLRQV
UHJDUGLQJWKHIORZRIPDWHULDOLQWKHV\VWHPOD\RXW




TXDOLW\DVVXUDQFH IRUDVVHPEO\ LQFOXGH WROHUDQFHGHVLJQDQG
ZRUVWFDVH DQDO\VLV >@ VWDWLVWLFDO DQDO\VLV RQOLQH TXDOLW\
DVVXUDQFHPHWKRGV>@,QVSHFWLRQXVLQJWUDGLWLRQDOFRRUGLQDWH
PHDVXULQJPDFKLQHV&00LVWLPHFRQVXPLQJZKLOHPRGHUQ
PDQXIDFWXULQJ VHHNV D UDSLG VXUIDFH LQVSHFWLRQ XVLQJ D '
VHQVRU 7KH IRFXV RI WKH QHZ WHFKQRORJLHV LQFOXGLQJ VHQVRU





D ODUJHVFDOH HQYLURQPHQW 7KLV UHTXLUHV D JRRG VFKHPH RI
V\VWHP LQWHJUDWLRQ 7RROV HJ QHXUDO QHWZRUN DUH XVHG WR




7RGD\ WKHUH LV D JUHDW GHDO RI HPEHGGHG LQWHOOLJHQFH LQ
GHYLFHV V\VWHPV DQG SURGXFWV 6PDUWHU DVVHWV DQG GHYLFHV
KDYH HVVHQWLDOO\ EHFRPH GDWD FHQWHUV GULYLQJ LQWHOOLJHQFH
DFURVV WKH HQWHUSULVH ,QWHUQHW RI WKLQJV ,27 UHIHUV WR D
QHWZRUNHGLQWHUFRQQHFWLRQRIREMHFWVZKRVHSXUSRVHLVWRPDNH
DOO WKLQJV FRPPXQLFDEOH > @ ,QWHUQHW RI WKLQJV HQDEOHV
REMHFWVWRFRPPXQLFDWHWKLQJVDERXWWKHPVHOYHVOLNHZKDWWKH\




4.1. Virtual factories and augmented reality 
7KHYLUWXDOIDFWRU\IRFXVHVRQWKHWRSOHYHOIDFWRU\URXWLQJ
EHWZHHQYDULRXVZRUNFHOOVLQWKHYLUWXDOIDFWRU\HQYLURQPHQW
7KH YLUWXDO IDFWRU\ HQYLURQPHQW 9)( GHVLJQ LQFOXGHV WKH
DELOLW\WRLQWHUDFWZLWKXVHUVWKURXJKDXVHULQWHUIDFHSHUIRUP
DUDQJHRIDQDO\VLVDQGFRPSDUHWKHDVVHPEO\DOWHUQDWLYHVWKDW
FDQ UHGXFH WKH RYHUDOO DVVHPEO\ WLPH DV ZHOO DV VXSSRUW
DVVHPEO\OHYHOUHGHVLJQRILQGLYLGXDOZRUNFHOOV>@
9LUWXDO UHDOLW\ 95 LV DQ DUWLILFLDO HQYLURQPHQW ZLWK
LPSRUWDQW IHDWXUHV VXFK DV LPPHUVLRQ LQWHUDFWLRQ DQG
LPDJLQDWLRQ DQG SURYLGHV PXOWLSOH VHQVRULDO FKDQQHOV
LQFOXGLQJ YLVXDO DXGLWRU\ KDSWLF VPHOO DQG WDVWH IHHGEDFN







SURGXFWV XVLQJ KDSWLFV WHFKQRORJ\ WR LQWHUDFW ZLWK YLUWXDO
REMHFWVXVLQJQDWXUDODQGLQWXLWLYHKXPDQPRWLRQVWRIHHOWKH
SK\VLFDOFRQWDFWVIULFWLRQJUDYLW\DQGFROOLVLRQGHWHFWLRQDQG
LGHQWLI\ DVVHPEO\UHODWHG SUREOHPV VXFK DV DFFHVVLELOLW\
UHDFKDELOLW\HUJRQRPLFVVHTXHQFHDQGSDWKHWF>@
7KHPDLQ SUHUHTXLVLWH IRU QHDUO\ DOO95 DSSOLFDWLRQV LV GDWD
H[WUDFWLRQIURPD&$'V\VWHP&$'V\VWHPVDUHXVHGWRPRGHO






FDQ EH XVHG IRU WDVNV VXFK DV UHPRWH IDFWRU\ REVHUYDWLRQ
PDFKLQH PRQLWRULQJ SURFHVVZRUNIORZ PRQLWRULQJ DQG
DQDO\VLV YLUWXDO LQVSHFWLRQV PRELOHYLUWXDO WHOHSRUWDWLRQ
DXJPHQWHGUHDOLW\HGXFDWLRQDQGWUDLQLQJRIHPSOR\HHVYLVLWRU
WRXUV DQG LQYHQWRU\ WUDFNLQJ >@ $ W\SLFDO YLUWXDO IDFWRU\
LQWHJUDWHG SODWIRUP LV FRPSRVHG RI D GDWDEDVH V\VWHP D
VLPXODWLRQV\VWHPDQGDWKUHHGLPHQVLRQDOVFHQHV\VWHP(DFK
VXEV\VWHPFDQFRPPXQLFDWHLQIRUPDWLRQZLWKRWKHUVWRUHDOL]H
WKH LQWHJUDWLRQ RI WKH WRWDO SODWIRUP 8VHUV FDQ VHW GLIIHUHQW




WKH UHDO ZRUOG >@ $5 LV SRWHQWLDOO\ FKHDSHU DQG D PRUH




4.2. Smart factories 
7KH VPDUW IDFWRU\ FRQFHSW FDQ EH SHUFHLYHG DV QHZ
WHFKQRORJ\ ZKLFK HQDEOHV WKH YLUWXDO SODQW HQYLURQPHQW WR
LPSOHPHQW LQWHJUDWLRQ RI PHWKRGV DQG WRROV DYDLODEOH RQ
GLIIHUHQW OHYHOV IRU SODQQLQJ DQG WHVWLQJ SURGXFWV DQG WKH
UHODWHGSURGXFWLRQDQGRSHUDWLYHFRQWURORIWKHIDFWRU\,WFDQ
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DOVREHVHHQDVHQWHUSULVHDQGLQIRUPDWLRQVWUDWHJ\PDQDJLQJ
DQG FROODERUDWLQJ SURFHVVHV RI IDFWRULHV LQ JOREDO QHWZRUNV
7KH LQWHJUDWLRQ RI WRROV IRU GHVLJQ SODQQLQJ VLPXODWLRQ
FRPPXQLFDWLRQ DQG FRQWURO LV UHTXLUHG RQ DOO SODQQLQJ DQG
IDFWRU\OHYHOV>@'LJLWDOIDFWRU\WHFKQRORJ\UXQVWKURXJK




&\EHUSK\VLFDO V\VWHPV &36  HPEHGGHG V\VWHPV ZLWK
GHFHQWUDOL]HG FRQWURO LQWHOOLJHQFH  FDQ HVWDEOLVK







WLPH > @ 'HVLJQ SODQQLQJ SURGXFWLRQ H[HFXWLRQ DQG
VHUYLFHV DUH FROOHFWLYHO\ LPSOHPHQWHG LQ DQ H[FLWLQJ ZD\




DUFKLWHFWXUH IRU DVVHPEO\RULHQWHG F\EHU SK\VLFDO V\VWHPV
LQFOXGHV HPEHGGHG V\VWHPV VHQVLQJ WHFKQRORJ\ DQG
QHWZRUNHG FRQQHFWLYLW\ (PEHGGHG V\VWHPV SURYLGH GHYLFHV





5DGLR IUHTXHQF\ LGHQWLILFDWLRQ 5),' LV D QRQFRQWDFW
DXWRPDWLF LGHQWLILFDWLRQ WHFKQRORJ\ ,W FDQ DXWRPDWLFDOO\
LGHQWLI\ WDUJHWV DQG REWDLQ UHOHYDQW GDWD WKURXJK UDGLR
IUHTXHQF\ VLJQDOV 7KH 5),' WHFKQRORJ\ LV FXUUHQWO\
H[SDQGLQJWRWKHPDQXIDFWXULQJVHFWRUSDUWO\GXHWRWKHUDSLG
UHGXFWLRQLQFRVWVRIUHDGHUVDQGWDJVRYHUWKHODVWIHZ\HDUV
7KH WHFKQRORJ\KDV UDSLGO\SURJUHVVHG LQ UHFHQW\HDUV LQ WKH
GHYHORSPHQW RI KLJKSHUIRUPDQFH UHDGHUV WDJV DQG
PLGGOHZDUH7KHYDOXHRI5),'LVHYLGHQWLQWUDQVIRUPLQJUHDO
WLPHLQIRUPDWLRQFROOHFWHGE\5),'LQWRLQWHOOLJHQFH7KHUHDO




ZLWK HDFK RWKHU 7KH\ KDYH VXIILFLHQW FRPSXWLQJ SRZHU DQG
FRPPXQLFDWLRQFDSDELOLWLHVWRDOORZIRUDXWRQRPRXVRSHUDWLRQ
7KH VPDUW IDFWRU\ LV D UHSUHVHQWDWLYH RI WKH IRXUWK LQGXVWULDO
UHYROXWLRQDQGDIXQGDPHQWDOVKLIWLQRSHUDWLQJSUDFWLFHVWKDW




SURGXFWLRQ EDVHG RQ WKH GLYLVLRQ RI ODERXU SRZHUHG E\
HOHFWULFDO HQHUJ\ DQG ILQDOO\ WKH LQWURGXFWLRQ RI HOHFWURQLFV
DQG,7IRUIXUWKHUDXWRPDWLRQRISURGXFWLRQ
'HYHORSPHQWVDIIHFWLQJIDFWRU\RIWKHIXWXUHLQFOXGH>@





 0RELOLW\ RI GHYLFHV LQGHSHQGHQW GHYLFHV ZLWK VWDQGDUG
LQWHUIDFHWRKDYHWKHDELOLW\WRZRUNDQ\ZKHUHDQ\WLPH
 6WDQGDUGVPXVWHPHUJHVWDQGDUGGHYLFHVDQGHTXLSPHQW










 'DWD LQWHJUDWLRQ WR DOORZ QHZ SODQQLQJ PHWKRGV DQG
GHYHORSFRPSUHKHQVLYHGHYLFHDQGVHUYLFHVPRGHOV








WKH V\VWHP OD\RXW DQG IXQFWLRQDOLW\ ,WV XQLTXH GULYH
WHFKQRORJ\FRQWUROLQWHUIDFHVDQGPRGXODULW\DUHHVVHQWLDOIRU
GHYHORSLQJWHVWLQJDQGGHPRQVWUDWLQJWKHLQQRYDWLYHSK\VLFDO
DQG ORJLFDO HQDEOHUV RI FKDQJH DQG SURGXFWV YDULHW\
PDQDJHPHQWVXFKYDULDQWRULHQWHGRUGHUVSURFHVVLQJSURFHVV
SODQVSURGXFWLRQSODQVDQGVFKHGXOHV$OOV\VWHPPRGXOHVDUH
HTXLSSHGZLWK WRSRORJ\ IHHGEDFN VR WKDW WKH FRQWURO V\VWHP
DXWRPDWLFDOO\ UHFRJQL]HV WKH OLQH FRQILJXUDWLRQ 7KH
FRQWLQXRXVPDWHULDOIORZLVDFKLHYHGZLWKLQHDFKPRGXOHXVLQJ
WZR OHYHOV FRQYH\RU EXLOW LQWR HDFK V\VWHP PRGXOH IRU
WUDQVSRUWDWLRQ:RUNSLHFHVDUH WUDQVSRUWHGYLDFDUULHUV WR WKH
QH[WFHOORQWKHXSSHUOHYHODQGWUDQVSRUWHGEDFNRQWKHORZHU
OHYHO7KHFHOOVDUHHTXLSSHGZLWKWZRRSWLFDOVHQVRUVXVHGWR





(WKHUQHW QHWZRUN DQG FRPPXQLFDWLRQ LV UHDOL]HG XVLQJ WKH
3URILQHW SURWRFRO7KH(WKHUQHW FDEOH LV DOVR IHG LQZLWK WKH
PXOWLIXQFWLRQDOHQHUJ\FRXSOLQJZKLFKLVHTXLSSHGZLWK9
SRZHU VXSSO\ HPHUJHQF\ VWRS SRZHU VXSSO\ SRWHQWLDO
HTXDOL]DWLRQFRPSUHVVHGDLUVXSSO\DQG(WKHUQHW
7KHPRGXODULW\RI WKH L)DFWRU\DLGV LQUHDOL]LQJDGLYHUVH
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5.1. Original production line 
7KH ILUVW L)DFWRU\ V\VWHP FRQILJXUDWLRQ LV XVHG IRU
DVVHPEOLQJDGHVNVHWDVVKRZQLQ)LJXUHD ,WKDVDVKRUW





D 7KH 6&$'$ V\VWHP LQFOXGHV D SURIHVVLRQDO 3& ZLWK
FRQWURO FDELQHW 7KH 
3DWKILQGHU
 DXWRPDWLFDOO\ GHWHFWV WKH
DVVHPEOHGL)DFWRU\V\VWHPWRSRORJ\DVVKRZQLQ)LJXUHE
'HYLFH GULYHUV KXPDQ PDFKLQH LQWHUIDFH DQG GDWDEDVH
LQWHUIDFH DUH LQFOXGHG7KH6&$'$V\VWHPDOORZV FRPSOHWH
VXSHUYLVLQJ PRQLWRULQJ DQG RSHUDWLQJ RI WKH L)DFWRU\ LQ
DGGLWLRQWRRUGHUVLQSXW
$ SDFNDJH FDUULHU ZLWK 5),' SDOHWWH DQG ZRUNSLHFH LV




WUDFNLQJ RI HDFK VWDJH RI WKH SURGXFWLRQ SURFHVV 'HVN VHW
PRGXOHV DUH IHG WR WKH URERW YLD WZR WUD\V  7KH FDUULHU LV







5.2. New production line 
$QHZGHVNVHWLVLQWURGXFHGDVVKRZQLQ)LJXUHD,WKDV
D VKRUW FXS ORQJ FXS FRYHU SODWH DQG WHPSHUDWXUH
LQGLFDWRUFORFN7KHSURGXFWLRQOLQHVKRXOGEHUHFRQILJXUHGWR
LQFOXGH WZR QHZ VWDWLRQV D YLVLRQ LQVSHFWLRQ VWDWLRQ DQG D
PDQXDO DVVHPEO\ VWDWLRQ 7KH YLVLRQ VWDWLRQ LV UHTXLUHG WR
FKHFNWKHFRYHUSODWHDOLJQPHQW7KHPDQXDOVWDWLRQLVXVHGWR
IL[ WKH UHMHFWHG SDUWV LI QHHGHG DQG DVVHPEOH WKH
WKHUPRPHWHUFORFNPRGXOHV7KHQHZV\VWHPFRQILJXUDWLRQLV
VKRZQ LQ )LJXUH  E ,W FRQVLVWV RI DQ DXWRPDWLF
VWRUDJHUHWULHYDOV\VWHPDYLVLRQFHOODPDQXDODVVHPEO\FHOO






 DXWRPDWLFDOO\ GHWHFWV WKH UHFRQILJXUHG L)DFWRU\
SURGXFWLRQOLQH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$ FDUULHU ZLWK D SDOHWWH DQG D ZRUNSLHFH DW WKH $656
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UHVSRQG WR IUHTXHQW FKDQJHV LQ SURGXFWV DQG SURGXFWLRQ
YROXPH DQG UHGXFH WLPH WRPDUNHW 5HVHDUFK LQWR HIIHFWLYH
V\VWHPVLQWHJUDWLRQPRGXODUL]DWLRQDQGVWDQGDUGL]DWLRQSOXJ
LQ FDSDELOLWLHV DQG HPEHGGHG LQWHOOLJHQFH LV QHHGHG0RELOH
URERWV FROODERUDWLYH URERWV DQG LQWHOOLJHQW DVVLVW V\VWHPV
HQDEOH WKH G\QDPLF FKDQJH LQ DGYDQFHG DVVHPEO\ V\VWHPV
5HFRQILJXUDEOH DQG UHDOWLPH FRQWURO RI VXFK V\VWHPV QHHGV
IXUWKHUUHVHDUFK5HPDQXIDFWXULQJDQGDFWLYHGLVDVVHPEO\DUH
UHFHLYLQJPRUH DWWHQWLRQ WR SURPRWH VXVWDLQDELOLW\$OWKRXJK
PRGHUQ DVVHPEO\ V\VWHPV LQFUHDVLQJO\ XVH DXWRPDWLRQ




'LJLWDO DQG VPDUW IDFWRULHV DUH EHFRPLQJ LQFUHDVLQJO\
LPSRUWDQWDVSUHUHTXLVLWHVIRUWKHDQWLFLSDWHGIRXUWKLQGXVWULDO
UHYROXWLRQ,QGXVWU\7KHDXWRPDWLRQDQGFRQWUROUHTXLUHD








DQG GLIIHUHQW ILOH IRUPDWV LV FKDOOHQJLQJ LQ WKH YLUWXDOZRUOG
ZKHUHUHOLDELOLW\HDVHRIXVHDQGWUDLQLQJDUHDFKDOOHQJH

)LQDOO\ FRGHYHORSPHQW RI SURGXFWV DQG PDQXIDFWXULQJ 
DVVHPEO\ V\VWHPV LV HVVHQWLDO WR SURORQJ WKH OLIH RI VXFK
H[SHQVLYH V\VWHPV IRU XVH LQ PDQ\ SURGXFWV YDULDQWV DQG
JHQHUDWLRQVDQGHQVXUHWKHLUHFRQRPLFVXVWDLQDELOLW\
$FNQRZOHGJHPHQWV
6XSSRUW IURP 16(5& 1DWXUDO 6FLHQFHV DQG (QJLQHHULQJ
5HVHDUFK &RXQFLO &DQDGD 'LVFRYHU\ *UDQWV DQG WKH ILUVW
DXWKRU¶V &DQDGD 5HVHDUFK &KDLU &5& LQ 0DQXIDFWXULQJ
6\VWHPV DUH DFNQRZOHGJHG &RQWULEXWLRQV WR WKH VXUYH\
LQFOXGHG LQ WKLVSDSHUZHUHPDGH LQSDUWE\'U6DP\61
IRUPHUO\DUHVHDUFKHQJLQHHUDWWKH,06&HQWUH
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